The expression of microRNA (miR)-140-5p is known to be reduced in both pulmonary arterial hypertension (PAH) patients and monocrotalineinduced PAH models in rat. Identification of target genes for miR-140-5p with bioinformatics analysis may reveal new pathways and connections in PAH. This study aimed to explore downstream target genes and relevant signaling pathways regulated by miR-140-5p to provide theoretical evidences for further researches on role of miR-140-5p in PAH. Multiple downstream target genes and upstream transcription factors (TFs) of miR-140-5p were predicted in the analysis. Gene ontology (GO) enrichment analysis indicated that downstream target genes of miR-140-5p were enriched in many biological processes, such as biological regulation, signal transduction, response to chemical stimulus, stem cell proliferation, cell surface receptor signaling pathways. Kyoto Encyclopedia of Genes and Genome (KEGG) pathway analysis found that downstream target genes were mainly located in Notch, TGF-beta, PI3K/Akt, and Hippo signaling pathway. According to TF-miRNA-mRNA network, the important downstream target genes of miR-140-5p were PPI, TGF-betaR1, smad4, JAG1, ADAM10, FGF9, PDGFRA, VEGFA, LAMC1, TLR4, and CREB. After thoroughly reviewing published literature, we found that 23 target genes and seven signaling pathways were truly inhibited by miR-140-5p in various tissues or cells; most of these verified targets were in accordance with our present prediction. Other predicted targets still need further verification in vivo and in vitro.
Pulmonary arterial hypertension (PAH) is a chronic progressive disease of pulmonary vasculature characterized by sustained elevation of pulmonary vascular resistance and pulmonary arterial pressure, consequently leading to right heart failure and eventual death [1] . The pathogenesis of PAH is associated with genetic predisposition, inflammation, increase in vascular tone, elevation in pulmonary artery cell proliferation and resistance to apoptosis, and the presence of in situ thrombosis [2] [3] [4] [5] . Effect of current treatment on PAH remains poor and available therapies to improve long-term prognosis are limited [6] , so exploring novel molecular mechanisms and generating therapeutic approaches are urgently needed.MicroRNAs (miRNAs) are small noncoding RNA molecules around 22 nucleotides long that bind the 3 0 -untranslated region (UTR) of mRNA to degrade mRNA and therefore to negatively regulate relevant genes expression [7] . miRNAs have the ability to target numerous genes mRNA, therefore potentially controlling a host of genes expression and the activity of multiple signaling pathways [8] [9] [10] . Recent studies have shown that reduction in microRNA (miR)-140-5p is found in both patients with PAH and monocrotaline-induced PAH models in rat, which is involved in the development of PAH [11, 12] . Therefore, it is important to identify comprehensive downstream targets of miR-140-5p with bioinformatics analysis in PAH, and this might provide some critical information for the development and treatment of PAH. In this study, downstream target genes regulated by miR-140-5p and upstream transcription factors (TFs) regulating miR-140-5p expression were predicted, and the downstream target genes were analyzed for gene ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genome (KEGG) pathway. Next, the upstream TFs and downstream targets of miR-140-5p were determined according to the TF-miRNA-mRNA network. Finally, the direct downstream targets and relevant signaling pathways regulated by miR-140-5p were obtained in published literature and were compared with the predicted results of this study.
Materials and methods

Mature sequences of miR-140-5p in various species
Mature sequences of miR-140-5p in various species were obtained in the miRBase database (http://mirba se.org/index.shtml).
Target gene prediction of miR-140-5p
Identification of target genes is critical for characterizing the functions of miRNAs. In this study, miRanda (http://www.microrna.org/), TargetScan (http://www.ta rgetscan.org/), RNAhybrid (https://bibiserv.cebitec.unibielefeld.de/rnahybrid/submission.html), and miRDB (http://www.mirdb.org/) databases were used to predict the target genes of miR-140-5p. To make our predicted target genes more convincible, only the target genes predicted by at least three databases were selected for further analyses.
Database-based GO and KEGG pathway enrichment analysis
Target mRNA of miR-140-5p supported by at least three databases were used for GO analysis to predict gene functions. Integration Discovery (DAVID) software, version 6.7 (http://david.abcC.ncifcrf.gov), was used to perform GO analysis to identify biological processes, cellular components, and molecular functions of these target genes. At the same time, the probable signaling pathways in which these target genes were enriched were analyzed by KEGG database (http://www.genome.jp/kegg/). The P-value <0.05 was considered significant.
Upstream TFs prediction of miR-140-5p
Human miR-140-5p precursor was obtained in the miRBase database and its 5000 bp upstream was defined as the miR-140-5p promoter. The TFs of miR-140-5p were predicted using MOODS-python software (version 1.9.3) in JASPAR database (http://jaspar.binf. ku.dk/), which includes various vertebrate TFs. The Pvalue <0.0001 was considered significant.
Construction of the network for TF-miR-140-5p-mRNA
By merging the regulatory relationships between TFs and miR-140-5p, miR-140-5p and target genes, genes and genes (TF?miRNA, miRNA?gene and gene? gene), we constructed a comprehensive TF-miR-140-5p-mRNA regulatory network using Gephi software (release 0.8.1-b, http://gephi.github.io/).
Screening target genes and signaling pathways inhibited by miR-140-5p in published studies
To obtain downstream target genes and signaling pathways modulated by miR-140-5p in published studies, a comprehensive electronic search of Web of Science and PubMed databases was performed until April 20, 2017 . The keyword 'miR-140-5p' in the titles or abstracts was used, and then, studies exploring the targets of miR-140-5p were collected.
Results
Mature sequences of miR-140-5p in various species
Mature sequences of miR-140-5p in various species were obtained in the miRBase database. The pre-miR-140-5p was located at position 69933081~69933180 of chromosome 16, and the gene ID of human miR-140-5p was MIMAT0000431. As shown in Table 1 , mature sequences of miR-140-5p were highly conserved in various species and human miR-140-5p was chosen for further analyses.
Prediction of target genes for miR-140-5p
As shown in Fig. 1 , the number of predicted target genes of miR-140-5p in miRanda, TargetScan, RNAhybrid, and miRDB databases was 2370, 428, 1017, and 262, respectively. There were 482 target genes supported by at least two databases, 123 target genes predicted by at least three databases and five target genes supported by all four databases. The target genes of miR-140-5p predicted by at least three databases are listed in Table 2 and were used for further analyses.
GO enrichment analysis for predicted target genes of miR-140-5p
GO enrichment analysis was conducted for the target genes of miR-140-5p predicted by at least three databases. As shown in Table 3 , the target genes of miR-140-5p were mainly located in basement membrane (P < 0.05) and participated in the molecular functions of protein binding, activating transcription factor binding, ion binding, lipid binding, and so on (P < 0.05). In addition, the target genes of miR-140-5p were involved in various biological processes, including biological regulation, metabolic process, cell communication, signal transduction, response to chemical stimulus, stem cell proliferation, cell surface receptor signaling pathway (P < 0.05). Fig. 2 presents the number of target genes corresponding to each GO term.
KEGG pathway analysis for predicted target genes of miR-140-5p
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Prediction of upstream TFs for miR-140-5p and construction of TF-miR-140-5p-mRNA network
The number of predicted TFs for miR-140-5p with Pvalue <0.0001 was 393. To reduce false-positive results, TFs with a quality score (Q-score) less than 10 were filtered. As shown in Table 5 , the remaining TFs, including PAX5, FOXI1, IRF1, FOSL1, RUNX2, were chosen for further analyses. Finally, by merging the regulatory relationships between TFs and miR-140-5p, miR-140-5p and target genes, as well as genes and genes, we built a comprehensive TF-miR-140-5p-mRNA regulatory network, as shown in Fig. 4 .
Screening target genes and signaling pathways modulated by miR-140-5p in published studies
A comprehensive electronic search of Web of Science and PubMed databases was performed until April 20, 2017 , to obtain target genes and signaling pathways modulated by miR-140-5p in published studies. Finally, a total of 26 papers including 23 target genes and seven signaling pathways inhibited by miR-140-5p were obtained; most of them focus on the functions of miR-140-5p suppressing tumor growth, migration, and invasion in various tumor tissues and cells. Two recent studies have found that SMURF1 and Dumt1 are direct target genes of miR-140-5p in pulmonary arterial smooth muscle cells (PASMCs) and are involved in the pathogenesis of PAH. The details are shown in Table 6 .
Discussion
Pulmonary arterial hypertension is a chronic life-threatening condition requiring long-term management [13] , and its available therapies are limited [6] . There is a clear and urgent need for new therapeutic options based on deeply exploring the pathogenesis of PAH. Previous studies have indicated that miR-140-5p is dramatically downregulated, which in turn causes the development of a variety of cancers by the loss of suppressing tumor cell migration and growth [14] [15] [16] [17] . miR-140-5p has been recently found to be reduced in both PAH patients and MCT-induced PAH models in rat [11, 12] . However, the downstream targets regulated by miR-140-5p contributing to the development of PAH remain largely unknown. In this study, we found that the target genes of miR-140-5p were enriched in many biological processes, such as biological regulation, metabolic process, cell communication, signal transduction, response to chemical stimulus, stem cell proliferation, cell surface receptor signaling pathway. In KEGG pathway analysis, the target genes of miR-140-5p were mainly located in Notch, TGF-beta, PI3K/Akt, and Hippo signaling pathways. According to the TF-miRNAmRNA network, the important genes potentially regulated by miR-140-5p included PPI, TGF-betaR1, smad4, JAG1, ADAM10, FGF9, PDGFRA, VEGFA, TLR4, LAMC1, CREB, and the upstream TFs, which might regulate miR-140-5p expression including TAX5, FOXI, IRF1, GATA6, RUNX2. After thoroughly reviewing published literature, we found that 23 target genes and seven signaling pathways were truly inhibited by miR-140-5p in various tissues or cells; most of these downstream targets were in accordance with our present prediction.
Several studies have shown that activation of Notch3 pathway is involved in the pathogenesis of PAH [18, 19] . We have previously shown that activation of Notch3 promotes PASMC proliferation and inhibition of Notch3 pathway prevents monocrotaline-induced development of PAH in rat [20, 21] . JAG1 and ADAM10 are indispensable components of Notch signaling pathway, which were predicted as downstream targets of miR-140-5p in our analysis, suggesting that lack of miR-140-5p might promote the development of PAH by upregulation of JAG1 and ADAM10 genes and therefore activation of Notch3 cascade. In addition, activation of TGF-beta1/Smad4 signaling promotes a proliferative PASMC phenotype and induces PAH in rat [22, 23] . We found that TGFbetaR1 and smad4 were possible downstream targets of miR-140-5p, reduction in miR-140-5p in PAH might stimulate TGF-beta1/Smad4 pathway by upregulating TGF-betaR1 and smad4. Previous studies have demonstrated that PDGF, TLR4, VEGFA, and FGF contribute to the pathogenesis of PAH via activating various signaling pathways, especially PI3K/Akt cascade [24] [25] [26] [27] [28] . CREB, an important transcription factor lying downstream of PI3K/Akt pathway, mediates the partial functions of PI3K/Akt [29] . In our analysis, PDGF, TLR4, VEGFA, FGF, and CREB were positively predicted as downstream targets of miR-140-5p, implying that miR-140-5p negatively regulates the functions of PI3K/Akt cascade by targeting FGF9, PDGFRA, VEGFA, TLR4, or CREB gene. Recent studies have also shown that Hippo signaling is associated with the development of PAH, which can be activated by PPI [30, 31] . Our present results suggested that PPI was a direct target gene of miR-140-5p and might mediate miR-140-5p regulation of Hippo signaling. Our predicted network provided potential target genes and relevant signaling pathways that might be modulated by miR-140-5p contribution to the development of PAH. Several targets and pathways predicted in our analysis, such as TGF-betaR1, ADAM10, FGF9, PDGFRA, VEGFA and Notch, PI3K/Akt, TGF-beta cascades, have been demonstrated to mediate the effects of miR-140-5p on antiproliferation and prodifferentiation in several cell types in published studies [16, 17, 32, 33] . While the other targets predicted in our study, including PPI, smad4, JAG1, LAMC1, TLR4, and CREB as well as Hippo signaling pathway, have not been confirmed in 
